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RBsum6 - Les  c o n t a c t s  r e d r e s s e u r s  N+ d e  p h o t o p i l e s  a u  s i l i c i u m  poly-  
c r i s t a l l i n  (Wacker, HEM, CGE) o n t  6 t 6  r 6 a l i s 6 s  s o i t  p a r  i m p l a n t a t i o n  
c o n v e n t i o n n e l l e  du dopant  (P+)  s o i t  p a r  " i n c r u s t a t i o n "  d ' i o n s  ( i m p l a n t a -  
t i o n  s a n s  s e p a r a t i o n  magnet ique  PF5). Deux t e c h n i q u e s  d e  r e c u i t  d e  
s u r f a c e  p a r  f a i s c e a u  l a s e r  e n  phase  l i q u i d e  ( l a s e r  Nd : YAG) e t  e n  phase  
s o l i d e  ( l a s e r  Cop) o n t  6 t 6  employ6es.  Les per formances  d e s  p h o t o p i l e s  
a i n s i  6 l a b o r 6 e s  o n t  6 t 6  6 t u d i 6 e s .  Pour l e s  deux t y p e s  d e  dopage e t  d e  
r e c u i t ,  l e  rendement d e  c o n v e r s i o n  p h o t o v o l t a I q u e  d e s  c e l l u l e s  d 6 p a s s e  
11% A M 1  pour  l e s  m a t g r i a u x  p o l y c r i s t a l l i n s  u t i l i s 6 s .  
A b s t r a c t  - C o n v e n t i o n a l  i o n  i m p l a n t a t i o n  a n d  unana lyzed  i o n  bombardment 
have been used  t o  e l a b o r a t e  t h e  r e c t i f y i n g  N+ c o n t a c t  o f  p o l y c r y s t a l l i n e  
s i l i c o n  (Wacker, HEM, CGE) s o l a r  c e l l s .  Two s u r f a c e  l a s e r  a n n e a l i n g  i n  
t h e  l i q u i d  phase  (Nd : YAG l a s e r )  and  i n  t h e  s o l i d  phase  (ED2 l a s e r )  
r e g i m e s  have been used.  The p r o p e r t i e s  o f  t h e  s o l a r  c e l l s  s o  p r o c e s s e d  
have been i n v e s t i g a t e d .  For b o t h  doping  p r o c e d u r e s  and b o t h  a n n e a l i n g  
t e c h n i q u e s ,  t h e  c e l l s  ( c o n v e r s i o n )  e f f i c i e n c i e s  under AM1 i l l u m i n a t i o n  
exceeded  11% f o r  t h e  v a r i o u s  p o l y s i l i c o n  s u b s t r a t e s .  
I - INTRODUCTION 
L a s e r  a n n e a l i n g  t e c h n i q u e s ,  a s s o c i a t e d  w i t h  i o n  i m p l a n t a t i o n  a r e  c o n s i d e r e d  a s  
p o s s i b l e  ways o f  r e d u c i n g  t h e  c e l l s  p r o d u c t i o n  c o s t .  F u r t h e r m o r e ,  a  c o l d  p r o c e s s  
may become p a r t i c u l a r l y  a t t r a c t i v e  i n  t h e  c a s e  o f  p o l y s i l i c o n ,  b e c a u s e  t h e  doping  
t h u s  a c h i e v e d  may become i n d e p e n d e n t  on t h e  c r y s t a l l i n e  o r i e n t a t i o n  o f  e a c h  c r y s t a l .  
I n  a d d i t i o n ,  t h e  l a s e r  a n n e a l i n g ,  p u l s e d  o r  s c a n n e d ,  p r e v e n t s  any  p r e f e r e n t i a l  
d i f f u s i o n  a t  t h e  g r a i n  b o u n d a r i e s .  
I n  t h i s  s t u d y  two l a s e r  a n n e a l i n g  p r o c e d u r e s  have  been i n v e s t i g a t e d  i n  o r d e r  t o  
a c t i v a t e  t h e  i m p l a n t e d  d o p a n t ,  namely a  p u l s e d  YAG l a s e r  o p e r a t i n g  i n  t h e  l i q u i d  
p h a s e  reg ime and a  c o n t i n u o u s  C o p  l a s e r  working i n  t h e  s o l i d  phase  reg ime.  A t  0.53 
micron  w a v e l e n g t h ,  t h e  a b s o r p t i o n  1s e s s e n t i a l l y  due  t o  band t o  band t r a n s i t i o n s ,  
whereas  a t  10 .6  micron  t h e  f r e e  c a r r i e r  a b s o r p t i o n  is by f a r e  dominant ,  s o  t h a t  a  
modera te  h e a t i n g  o f  t h e  s u b s t r a t e  is n e c e s s a r y  t o  i n i t i a t e  t h e  c o u p l i n g .  
The e x p e r i m e n t s  have been per formed on v a r i o u s  t y p e s  o f  p o l y c r i s t a l l i n e  s i l i c o n  
(Wacker, HEM and p o l y s i l i c o n  under  e v a l u a t i o n  a t  L a b o r a t o i r e s  d e  M a r c o u s s i s  - CGE) 
doped by two i m p l a n t a t i o n  p r o c e d u r e s  : c l a s s i c a l  i o n  i m p l a n t a t i o n  o f  phosphorus  
and  non-mass a n a l y s e d  m o l e c u l a r  i o n s  bombardment o f  PFn (n : 0 t o  5)  by u s i n g  t h e  
p r o c e d u r e  a l r e a d y  d e s c r i b e d  c a l l e d  i o n  " i n c r u s t a t i o n "  (1). 
I1 - LASER ANNEALING 
1. P u l s e d  l a s e r  p r o c e s s i n q  ( l i q u i d e  p h a s e  e p i t a x y )  : 
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PHASE Laboratory i s  equiped w i t h  a Nd : YAG l a s e r  (mounted w i t h  a frequency doubler 
X = 0.53 micron) from QUANTRONIX. The c h a r a c t e r i s t i c s  o f  t h e  l a s e r  are the  f o l l o w i n g  : 
pulse dura t ion  100 nsec, spot diameter ad justable from 70 t o  170 microns t o  ob ta in  
energy dens i t i es  from 0.5 t o  3 ~/cm' f o r  r e p e t i t i o n  r a t e s  ranging from 3 t o  10 KHz. 
The main problem o f  t h i s  k i n d  o f  l a s e r  processing i s  t o  f i n d  an adequate spot over- 
l app ing  r a t e  so t h a t  the  whole s i l i c o n  sur face i s  annealed w i t h  an energy densi ty  
about tw ice  the  threshold energy a l l o w i n g  the  m e l t i n g  o f  the surface. The me l t ing  
o f  the f r o n t  amorphized l a y e r  has a dura t ion  o f  some hundred nsec (2)  and i s  imme- 
d i a t e l y  fo l lowed by a f a s t  e p i t a x i a l  regrowth i n  the l i q u i d  phase regime, incorpora- 
t i n g  a very h igh  concentrat ion o f  dopant i n t o  s u b s t i t u t i o n a l  s i t e s .  F igure 1 shows 
the p r i n c i p l e  o f  the h igh  speed motion system which uses a microprocessor s e t  up t o  
c o n t r o l  t h e  r o t a t i o n  o f  the t a r g e t  d isc  and t h e  displacement o f  the  r a d i a l  arm 
bearing the focusing system o f  the  beam. The experimental optimum throughout deter-  
mined f o r  the  t e s t s  repor ted hereunder i s  o f  s i x  4 i n c h  wafers per hour. 
S = SPOT D l l W T F R  
R = IPSTAWANEOIIS W m l l i S  
F ' REPETITION PATE 
C7 = TANGEMIDL OVERLAP 
GR = M l D L  WERLAP 
R m l N  ARM = VR LASER BEW' 
1 n- 
ROTATING STAGE 
F i g  1 : Nd : YAG l a s e r  system : general view and schematic o f  the  h igh  speed 
motion system. 
2. Continuous C07 l a s e r  processinq ( s o l i d  phase e ~ i t a x y )  
As repor ted hereupon a t  a  10.6 pm r a d i a t i o n  a moderate heat ing o r  a  simultaneous 
i l l u m i n a t i o n  by photons o f  a  convenient wavelengt'h i s  necessary t o  enhance the 
absorpt ion. The photon energy i s  absorbed by f ree -car r ie rs  i n  e i t h e r  conduction o r  
valence band and the f ree-car r ie rs  w i t h  a smal l  c o n t r i b u t i o n  due t o  multiphonon 
e x c i t a t i o n s  d i r e c t l y  transform the absorbed energy i n t o  heat [3 ]  . I n  these condi- 
t i o n s  the regrowth occurs v i a  s o l i d  phase epi taxy and wi thout  any me l t ing  [ 4 ]  . 
Treatments were performed by Laborato i res de Marcoussis a t  a  10.6 Urn wavelength w i t h  
a CW C02 l a s e r  capable o f  d e l i v e r i n g  up t o  30 W (rnultirnode) output i n  an approxima- 
t e l y  Gaussian beam. The beam was focused by a germanium lens  o f  100 mm f o c a l  l e n g t h  
on a wafer holder which could be heated up t o  500°C. The power densi ty  i n  the range 
from 1 t o  9 k ~ / c m 2  was c o n t r o l l e d  by moving the  focusing lens  i n  respect  w i t h  the  
sample holder .  The displacements under the beam were achieved by X,  Y movements. 
I n  the  X d i r e c t i o n  the speed was 6 cm/mn and the displacements i n  the perpendicular 
d i r e c t i o n  could be adjusted a t  the des i red step i n  order t o  ob ta in  va r iab le  over- 
lapping ra tes .  F igure 2 shows a general view o f  the C02 l a s e r  system and i t s  schema- 
t i c .  
LL Ge LENS 
F i g  2  : CW C02 l a s e r  sys tem.  
The i n f l u e n c e  o f  v a r i o u s  p a r a m e t e r s  s u c h  a s  t h e  power d e n s i t y ,  t h e  t e m p e r a t u r e  o f  
t h e  s u b s t r a t e s  and t h e  o v e r l a p p i n g  r a t e  was e a r l i e r  r e p o r t e d  [ 5 ]  . The r e s u l t s  ( s h e e t  
r e s i s t a n c e ,  l o c a l  p h o t o r e s p o n s e )  have  shown i )  f o r  power d e n s i t i e s  l o w e r  t h a n  
4  kw/cm2 a  s o l i d  phase  r e c r y s t a l l i z a t i o n  t a k e s  p l a c e  on t h e  whole w i d t h  i i )  a t  
450°C w i t h  t y p i c a l  a n n e a l i n g  c o n d i t i o n s  ( 2 , 2  k ~ / c m 2  ; s t e p  - 0 , 5  mm) a  s h e e t  resis- 
t a n c e  less t h a n  100  R/R is a c h i e v e d  i n  t h e  .case--of  a phosphorus  i m p l a n t a t i o n  
i i i )  a  low o v e r l a p p i n g  r a t e  is s u f f i c i e n t  t o  o b t a i n  a n  homogeneous a n n e a l i n g  i n  t h e  
whole s i l i c o n  s u r f a c e .  
I11 - APPLICATION TO SOLAR CELLS 
1. F a b r i c a t i o n  p r o c e s s  : 
The f a b r i c a t i o n  p r o c e s s  o f  t h e  c e l l s  i n c l u d e d  t h e  f o l l o w i n g  s t e p s  : 
- m a t e r i a l  : P  t y p e  p o l y s i l i c o n  o f  r e s i s t i v i t y  a b o u t  lQ.cm,  from Wacker, HEM and 
CGE have been p r o c e s s e d  a f t e r  s u r f a c e  a c i d  p r e p a r a t i o n ,  
- d o p i n g  : i m p l a n t a t i o n  o f  31P" a t  20 keV a t  a d o s e  o f  5.10" ions/cm2 and non- 
a n a l y z e d  m o l e c u l a r  and  a t o m i c  PF-5 a t  1 0  keV f o r  d o s e s  between 1 and 5.101 ions/ 
cm2. 
- two l a s e r  p r o c e s s e s  have been used  f o r  a n n e a l i n g  : 
t h e  YAG l a s e r  f o c u s e d  on p u l s e s  o f  100  microns  i n  d i a m e t e r  w i t h  a n  e n e r g y  of  
2 .5  ~ /c rn2 .  The r e p e t i t i o n  r a t e  was 5 K H z  and  t h e  f o l l o w i n g  o v e r l a p p i n g  c o n d i -  
t i o n s  were a d o p t e d  : SGT and SGR = 20 microns  w i t h  a  d i s c  v e l o c i t y  o f  1 0  cm/s. 
t h e  c o n t i n u o u s  C02 l a s e r  o p e r a t i n g  a t  a  power o f  1 5  W. The beam, 5 mm i n  diame- 
t e r  was f o c u s e d  t o  a  s p o t  o f  0.7 mm on t h e  w a f e r  h o l d e r  h e a t e d  up t o  450°C. 
- c o n t a c t s  m a n u f a c t u r i n g  : t h e  m e t a l l i z a t i o n  o f  t h e  back c o n t a c t  was o b t a i n e d  by 
e v a p o r a t i o n  o f  a  t r i p l e  l a y e r  o f  Ti-Pd-Ag and  was f o l l o w e d  by a  s i n t e r i n g  a t  600°C 
d u r i n g  20 m i n u t e s .  T h i s  s i n t e r i n g  was a l s o  used  a s  a p o s t  l a s e r  t h e r m a l  t r e a t m e n t  
i n  t h e  c a s e  o f  t h e  p u l s e d  p r o c e s s .  The same e v a p o r a t i o n  p r o c e s s  was used  t o  
m e t a l l i z e  t h e  g r i d  on  t h e  f r o n t  f a c e  and  was f o l l o w e d  by t h e  d e p o s i t i o n  o f  a  
N4Si3 a n t i r e f l e c t i v e  c o a t i n g .  
The c e l l s  t o t a l  a r e a  was t y p i c a l l y  11 cm2 c o r r e s p o n d i n g  t o  a n  a c t i v e  a r e a  o f  1 0  cm2. 
2 .  S o l a r  c e l l s  per formances  : 
The c h a r a c t e r i s t i c s  o f  t h e  c e l l s  s o  e l a b o r a t e d  were i n v e s t i g a t e d  by u s i n g  s h e e t  
r e s i s t a n c e ,  d a r k  c u r r e n t  and under  A M 1  i l l u m i n a t i o n  measurements.  T a b l e s  I  and  I 1  
g i v e  t h e  p h o t o v o l t a i c  per formances  o f  t h e  c e l l s  doped r e s p e c t i v e l y  by PF5 i o n  i n c r u s -  
t a t i o n  and  P+ i o n  i m p l a n t a t i o n .  Former r e s u l t s  o b t a i n e d  on  m o n o c r y s t a l l i n e  s i l i c o n  
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c e l l s  a r e  g iven f o r  comparison [6]  . 
I n  t h e  c a s e  o f  PF5 doping, t a b l e  I shows t h a t  open c i r c u i t  v o l t a g e s  Voc between 540 
and 570 mV a r e  ob ta ined  a f t e r  a  pulsed  annea l ing  f o r  t h e  v a r i o u s  p o l y c r i s t a l l i n e  
m a t e r i a l s .  Concerning t h e  C02 l a s e r  annea l ing ,  t h e  f i r s t  r e s u l t s  achieved f o r  no t  
y e t  opt imized doping c o n d i t i o n s  i n d i c a t e  lower v a l u e s  o f  Voc. I t  is now e s t a b l i s h e d  
t h a t  a  h ighe r  doping energy than  t h o s e  r e p o r t e d  on t a b l e  I is requ i r ed  i n  t h e  c a s e  
o f  a  s o l i d  phase e p i t a x i a l  regrowth which produces no s i g n i f i c a n t  r e d i s t r i b u t i o n  o f  
t h e  dopant 171 . I t  must be noted t h a t  Voc v a l u e s  a s  high a s  585 mV have been ach ie -  
ved on monocrYScalline s o l a r  c e l l s .  On t h e  c o n t r a r y ,  t h e  s h o r t  c i r c u i t  c u r r e n t  
d e n s i t y  va lues  ( J s c )  ob ta ined  i n  t h e  c a s e  o f  t h e  C02 l a s e r  annea l ing  a r e  h ighe r  t h a n  
those  measured on pulsed-annealed c e l l s .  Th i s  d i f f e r e n c e  probably r e s u l t s  from a 
more s u p e r f i c i a l  j u n c t i o n  wi th  a  lower l e v e l  o f  r e s i d u a l  d e f e c t s  i n  t h e  charge  space  
r eg ion .  A M 1  e f f i c i e n c i e s  i n  exces s  o f  10% were achieved wi th  t h e  v a r i o u s  p o l y c r i s -  
t a l l i n e  m a t e r i a l s .  For example, a 12% ou tpu t  was measured on HEM s i l i c o n .  
Table  I 1  g i v e s  s i m i l a r  r e s u l t s  ob ta ined  on P+ doped c e l l s .  The fo l lowing  p o i n t s  can  
be noted  i )  s l i g h t l y  b e t t e r  performances were achieved on c e l l s  annealed  wi th  t h e  
C02 l a s e r  and i i )  t h e  two annea l ing  p roces ses  g i v e  no t  so  d i f f e r e n t  v a l u e s  of Voc 
a s  i n  t h e  ca se  o f  a  PFg doping. E f f i c i e n c i e s  between 10 and 12% A M 1  were a l s o  measu- 
r e d  on t h e  P+ doped v a r i o u s  p o l y c r i s t a l l i n e  m a t e r i a l s .  
Table  I : PF5 imp lan ta t ion .  
S i l i c o n  
m a t e r i a l s  
S i n g l e  c r y s t a l  
SILSO 
HEM 
CGE 
( n o t  opt imized)  
Table I1 : P' imp lan ta t ion .  
Voc 
(mV) 
585 
523 
539 
542 
567 
510 
Laser  annea l ing  
YAG - 2.5 J/cm 
C02 - 1 .8  kW/cm 
Y A G  - 2.5 J/cm 
YAG - 2.5 J/cm 
Y A G  - 2.5 J/cm 
C02 - 3  k~ /cm2  
S i l i c o n  
m a t e r i a l s  
S i n g l e  c r y s t a l  
SILSO 
HEM 
CGE 
(ndt  opt imized)  
J s c  
( m ~ / c m ~  ) 
32.6 
33.4 
27.8 
30.8 
29.2 
33.9 
Laser  annea l ing  
YAG - 2.5  J/cm 
C02 - 1 . 5  kw/crn2 
C02 - 3  kW/cm 2  
YAG - 2.5  3/cm2 
- 3  kw/cm2 
YAG - 2.5  ~ / c m ~  
C02 - 3  kw/cm2 
Voc 
(mV 
575 
553 
53 7  
554 
538 
555 
537 
F  F  
0.7 
0.64 
0.71 
0.72 
0.63 
0.6 
J s c  
(mA/cm ) 
32.6 
33.3 
32.5 
26 
25.7 
31.3 
32.4 
rl 76 
(AM11 
13.3 
11.2 
10.6 
12  
10.4 
10.3 
FF 
0 .7  
0 .71 
0.69 
0.72 
0.74 
0.65 
0.67 
q :; 
(AM1) 
13.1  
1 3  
12  
10 .4  
10.2 
11.3  
11 .6  
I V  - DISCUSSION AND CONCLUSION 
The f i r s t  p o i n t  t h a t  emerges from t h i s  study concerns the non mass analyzed implan- 
t a t i o n  technique : the r e s u l t s  i n d i c a t e  t h a t  t h i s  process g ives pho tovo l ta i c  junc- 
t i o n s  so performant as those elaborated by i o n  imp lan ta t ion  w i t h  mass-analysis. This 
i s  an i n t e r e s t i n g  p o i n t  s ince " inc rus ta t ion"  has s i g n i f i c a n t  advantages by comparison 
w i t h  c l a s s i c a l  processes.(lower cost o f  machine, l e s s  onerous maintenance requi re-  
ments). 
The second p o i n t  r e l a t e s  t o  the  l a s e r  processing techniques. Comparison o f  Tables 
I and I 1  i n d i c a t e s  t h a t  the  pulsed anneal ing gives b e t t e r  performances and more 
espec ia l l y  b e t t e r  Voc values than a continuous annealing. The d i f fe rence  must be 
r e l a t e d  t o  the  f a c t  t h a t  the l i q u i d  phase e p i t a x i a l  regrowth o f  the  YAG l a s e r  b r ings  
about a b e t t e r  a c t i v a t i o n  o f  the  dopant and a more p e r f e c t  recovery o f  t h e  amorphi- 
zed zone. I n  the case o f  a s o l i d  phase regrowth induced by the  C02 laser ,  a Ruther- 
f o r d  Backscat ter ing ana lys is  o f  75As+ implanted <111> s i l i c o n  annealed a t  an energy 
between 2 and 4 kw/crn2 showed t h a t  o n l y  34% o f  As i s  on s u b s t i t u t i o n a l  p o s i t i o n  and 
t h a t  r e s i d u a l  defects  subs is t  i n  the  doped l a y e r  (Xwin S i  = 10%). A more s e n s i t i v e  
technique (DLTS) shows t h a t  deeper i n  the  c r y s t a l ,  I n  the charge space reg ion  o f  the  
junc t ion ,  r e s i d u a l  p o i n t  defects  subs is t  i n  the zone no t  reached by the mel t  f r o n t  
i n  the  case o f  the  l i q u i d  phase process [ a ]  . This  k i n d  o f  measurement must be done 
f o r  a C02 l a s e r  process t o  conf i rm t h a t  s o l i d  phase regrowth i s  more s u i t a b l e  t o  
anneal deep l y i n g  r e s i d u a l  defects  [9 ]  . 
These two p o i n t s  : lack  o f  a c t i v i t y  o f  the  dopant and poor r e c r y s t a l l i z a t i o n  o f  the 
f r o n t  l a y e r  can probably be improved by us ing more energet ic  l a s e r  beams w i t h  o f  
course h i  her processing throughput ra tes .  Calcu lat ions have shown t h a t  r a t e s  o f  Y severa l  m /h could be reached which would be compatible w i t h  the  doping r a t e s  o f  
m u l t i p l e  beams i o n  source present ly  developped [ l o ]  . Concerning pulsed anneal ing 
i t  must be po in ted  ou t  t h a t  UV gas Excimer Lasers have been r e c e n t l y  used t o  produce 
very e f f i c i e n t  implanted junc t ions  f o r  s o l a r  c e l l s  [ll] . Moreover the pulse shape 
( f l a t  p r o f i l e )  and the beam l a r g e  sec t ion  w i l l  probably meet l a r g e  product ion rates.  
So these two l a s e r  systems (EXCIMER and C02) must be regarded as a poss ib le  mean o f  
achieving s i g n i f i c a n t  reduct ions i n  s o l a r  c e l l s  costs. 
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